Abstract -We report results from coupled optical and electrical Sentaurus TCAD models of a gallium phosphide (GaP) on silicon electron carrier selective contact (CSC) solar cell which show that Auger-limited open-circuit voltages up to 787 mV (on a 10 µm monocrystalline silicon substrate) and efficiencies up to 26.7% (on a 150 µm monocrystalline silicon substrate) may be possible for front-contacted devices which exhibit low interface recombination velocity (IRV) at the GaP/Si interface and which employ random pyramidal texturing, a detached silver reflector, rear locally diffused point contacts and a SiO 2 /Al 2 O 3 rear oxide passivation stack.
I. INTRODUCTION
The history of photovoltaics is one of ever increasing power conversion efficiencies and decreasing costs. Recently, another step forward in silicon photovoltaic power conversion efficiency was made by Panasonic when they succeeded in fabricating a large area, all-back contacted heterojunction with intrinsic thin layer (HIT) cell with an efficiency of 25.6% [1] . Despite this great success, questions have been raised regarding whether or not amorphous silicon is the best possible heterojunction partner for crystalline silicon (c-Si) and whether higher efficiencies might be possible by employing III-V compounds as the heterojunction partners [2] [3] .
In [3] , it was proposed that current record crystalline silicon solar cell performance could be improved upon by utilizing an electron carrier selective contact (CSC), a wide bandgap material with a small conduction band offset and a large valence band offset, and it was argued that this would enable a silicon solar cell to more closely approach its thermodynamic limit through the achievement of Auger limitedness, a state in which efficiency limits ranging from 28.8% to 29.5% have been predicted [4] [5] [6] [7] .
In order to guide development of a crystalline silicon solar cell employing a gallium phosphide (GaP) electron CSC and to gauge the extent to which such a device will be able to achieve predicted Auger-limited efficiencies, coupled optical and electrical models of a GaP on silicon electron carrier selective contact (CSC) solar cell have been made in Sentaurus TCAD. The models have been used to investigate the sensitivity of such a solar cell to interface recombination velocity (IRV) at the GaP/Si interface, silicon substrate thickness, and the application of different light-trapping schemes. Results of these investigations are presented here.
Although previous numerical studies have been made of heterojunction silicon solar cells employing GaP [2, 8] , this study differentiates itself in a number of ways from these works. Firstly, and most obviously, this study considers specific device structures and optical cases not considered in those works such as 10 µm and 50 µm silicon substrate cases, which are attractive from cost and open-circuit voltage performance perspectives. Secondly, this study makes use of the improved qualitative description of intrinsic recombination in crystalline silicon of Richter et al. [9] in order to more accurately calculate recombination in the silicon substrate, a crucial matter when investigating high-efficiency devices which may be limited by these recombination mechanisms. Finally, by coupling together a three-dimensional (3D) optical model and a two-dimensional (2D) electrical model both created in Sentaurus TCAD, an integrated optical and electrical picture of device performance can be more clearly calculated and presented.
II. METHOD
Due to the differing length scales of the minimum symmetry elements capable of accurately describing the optical and electrical characteristics of solar cells, it is often necessary when performing a simulation to break up the modeling of the solar cell into an optical simulation and an electrical simulation, the results of which are coupled together through a one-dimensional optical generation rate profile. That is the approach taken in this study, in which both a 3D optical model and a 2D electrical model are built and run in Sentaurus TCAD, and is depicted in Figure 1 . 
A. Optical Model
For this study, a 3D optical model was built in Sentaurus TCAD in order obtain an accurate optical generation rate in the crystalline silicon substrate taking into account the optical effects of differing surface texturing and thin layer stacks at the front and rear of the device. This model consisted of a 5 µm by 5 µm area structure with varying depth depending upon the four crystalline silicon substrate thicknesses considered: 10 µm, 50 µm, 100 µm and 150 µm. Four optical cases (i.e. lighttrapping schemes) were considered: random pyramidal texturing with a detached silver reflector, random pyramidal texturing with an attached silver reflector, planar front with an attached silver reflector, and planar front with a detached silver reflector. In total, 16 unique optical cases were considered. All cases had a 20 nm layer of GaP atop the crystalline silicon (c-Si) substrate and a 79 nm anti-reflection coating (ARC) of SiN x atop the GaP. Additionally, all cases had an oxide stack at the rear of the substrate consisting of a 2 nm layer of SiO 2 and a 25 nm layer of Al 2 O 3 .
If was found that the optical results for the planar front with an attached silver reflector and the planar front with a detached silver reflector were identical. Therefore, these cases will be jointly referred to as the planar case for the remainder of the paper. Additionally, for simplicity and clarity, the random pyramids with attached reflector will simply be referred to as the random pyramids case. Figure 2 shows diagrams of the optical cases, excluding the planar front with a detached reflector case. Reflection from, transmission through and absorption in each layer of the structure are calculated using a combination of ray tracing and the transfer matrix method based upon the thicknesses of the layers and the complex refractive indices of the layer materials. Complex refractive index data was taken from the default Sentaurus material library for all materials except Al 2 O 3 , the complex refractive indices of which were taken from the PV Lighthouse refractive index library [10] .
In the optical model, 40,000 rays are traced at each wavelength in an AM1.5G spectrum data file in which 46.64 mA/cm 2 are available for absorption between the wavelengths of 300 nm and 1200 nm. When a ray impinges upon a thin layer stack at the front or rear of the crystalline silicon substrate, ray information is passed to the transfer matrix method solver, which computes reflection, transmission, and absorption in the thin layers. Information is then passed back from the transfer matrix method solver to the ray tracer for rays that continue propagating outside the thin layer stacks. As ray intensity may be diminished by absorption in the thin layer stacks, photons available for absorption in the crystalline silicon are decreased and accurate modeling of optical losses due to parasitic absorption in the thin layers is achieved. The 3D optical generation rate calculated in the silicon substrate is then processed by a Sentaurus physical model interface (PMI) model available from Solvenet example project "Threedimensional Optical Simulation of Textured Surface Silicon Solar Cell" [11] and converted into a 1D optical generation rate profile suitable for use in an electrical device simulation. Figure 3 shows the random pyramid textured surface of one of the optical model cases with the calculated crystalline silicon 3D optical generation rate indicated by color. It can be seen that the optical generation rate is highest at the surface of the crystalline silicon and decays to smaller values deeper into the substrate. 
B. Electrical Model
In order to accurately model the electrical performance of the devices investigated in this study (including lateral transport through the crystalline silicon as well as the GaP), a 2D model of the device was built in Sentaurus TCAD. Figure  4 shows the geometry and layer structure of the modelled device as well as the doping and interface recombination velocities within the electrical model. Atop the crystalline silicon substrate, there is a 5 nm layer of intrinsic GaP and then a 15 nm layer of n-type GaP with a doping density of 10 19 cm -3 . Atop the n-type GaP, there is an antireflection coating (ARC) layer of 79 nm of silicon nitride (SiN x ). Ohmic contact is made to the n-type GaP by a silver finger having a half-width of 12.5 µm. In the GaP, ShockleyRead-Hall (SRH) carrier lifetimes are set at 1 µs, and the electron mobility is set at 110 cm 2 /Vs. The IRV at the SiN x /GaP interface is set to 10 6 cm/s. Due to the lack of holes in the GaP, this parameter is found in this study (and in others [8] ) to have little effect on simulation results and is set to a very high value so as to make no presumptions regarding the material quality of the SiN x /GaP interface. The IRV at the GaP/Si interface is a variable parameter which is swept logarithmically from 1 to 10 6 cm/s in the simulations presented in this paper. These IRV values represent a range of interfacial material quality ranging from excellent (nearly defect free) to very poor (having extremely high defect density). The GaP/Si conduction band offset is set to 0.09 eV and the valence band offset to 1.05 eV in accordance with the measured valence band offset in [12] . A nonlocal tunneling model is employed to account for the phenomena of electrons tunneling through the small triangular barrier present at the GaP/Si interface.
The crystalline silicon substrate has a p-type doping of 10 16 cm -3 and in it, SRH carrier lifetimes are set at 2 ms, consistent with high-quality, lowly doped material. Auger and radiative recombination in the silicon can be calculated using the improved qualitative description of intrinsic recombination in crystalline silicon of Richter et al. [9] as programmed for Sentaurus PMI by Johannes Greulich or alternately, by the default Sentaurus Auger and radiative recombination models for silicon [13] [14] [15] . This enabled comparison between simulation results using the improved model, and simulation results using the outdated, default models. Default models were found to calculate higher rates of recombination within the silicon substrate (despite neglecting radiative recombination), resulting in lower open-circuit voltages and efficiencies. The mobility in crystalline silicon is set using the doping dependent mobility model of Masetti et al. [16] .
At the rear of the cell, there are three silver point contacts with a spacing of 250 µm and half-widths of 5 µm, which make Ohmic contact to local heavily boron doped areas in the crystalline silicon. The boron diffusion profiles were generated using EDNA 2 [17] and are approximately 6.5 µm deep, have a Gaussian profile and a peak surface concentration of 5×10 19 cm -3 . Between the point contacts, the rear of the crystalline silicon is passivated by an oxide stack of SiO 2 /Al 2 O 3 and the IRV at the Si/SiO 2 interface is set to 10 cm/s, consistent with measured values for such an interface. Additionally, the electrical model features a trapped negative sheet charge at the SiO 2 /Al 2 O 3 interface of -10 13 cm -2 consistent with the findings of Hoex et al. "On the c-Si passivation mechanism by the negative charge dielectric Al 2 O 3 " [18] . This trapped negative sheet charge results in band bending at the rear of the device, creating a back surface field (BSF) which attracts holes to the Si/SiO 2 interface and repels electrons.
To obtain current-voltage curves from the electrical model, the 1D optical generation rate profile calculated by the optical model is mapped onto the unshaded portion of the silicon substrate (as indicated in Figure 5 ) and at a series of voltages from 0 V to 0.8 V, the Poisson and electron and hole continuity equations are solved self-consistently at all mesh points on the structure. Table I lists the short-circuit current, open-circuit voltage, fill factor and efficiency of the maximum efficiency device for each optical case and substrate thickness. All data in Table I are taken from cases utilizing the Richter model which produces higher open-circuit voltages and correspondingly, higher efficiencies due to reduced recombination in the substrate. From the data in Table I , it can be seen that the maximum efficiency calculated for the structures examined in this study is 26.7% and is for a device employing random pyramids with a detached reflector on a 150 µm substrate. Additionally, it is notable that open-circuit voltages in excess of 780 mV are calculated for well-passivated 10 µm substrate cases.
III. RESULTS

IV. CONCLUSION
In conclusion, detailed optical and electrical modeling performed in Sentaurus TCAD indicates that a GaP on silicon electron CSC solar cell is a good candidate for experimental investigation as it may be able to achieve record efficiency (that is, greater than 25.6%) performance in a front-contacted format. 
